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HEHAT EXOHANGERS

By BEichard Jackeson and Wesley H. Hillendahl
SUMHMARY

Thirteen exhaust—gas—to—-air heat exchangers have been
tested in flight fto determine the practlcabllity of the use
of such heat exchangers in the thermal ice—prevention
eystems on elrcraft. The results, given 1n the form of
performance charts, show that exhaust—alr heat exchangers
constitute an excellent source of heated alr for aircraft
ice preventlon and that they can be constructed to with-
stand the thermal and vibrational stresses to which they
are subjoected when installed in an airplane exhaust systen,
A comparison of the performance characteristics of the four
types of exhaust—alr heat exchangers tested in this investi-
gation shows that no particular type 1e distinectly superlor
in all respects to the other types,

INTRODUCTION

Early in 1942 when .consideration was first being gilven
to the use of heated air as the working fluld in aircrafs
thermal Jlce-~prevention systems, one of the chief difficulties
encountered was the lack of an adequate source of heated
alr, The air—conditioning and petrolsum industrises had
made extensive use Of heat exchangers as sources of heated
air, but these heat exchangers were heavy, bulky, and
generally unsuitable for use on alrecraft., Unit combustlon
heaters and intensifier tubes were belng used on aircraft
to supply heated air for cabin-heating systems; however,
both of these heat exchangers proved 1nadequate to meet
the demands of a thermal ice—prevention syster. Thus, 1%
became evident that in order to develop & successful ther—
mal ice—prevention system using heated air as the workilng
fluid it would also be necessary to dgvelop an adequate
source of heated air.
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Proliminary investlgations showed that a heat
exchangsr which would efficiently use the heat in the
exhaust gases was the most promisling source of heated air
for use on aircraft and that a satisfactory heat exchanger
should have the following charecteristics:

l. The rate of heat transfer from gas to air nust
gatisfy ithe requiroments of the ice—prsvention
syetem.

2. The eir—-side flow resistance must be sufficiently
low thai the dynamic pressure in flight will
gsuffice &8s & pump for the entire systen.

S« Tho gas—s8ide flow resigtance should not c2use ex—
coessive back pressuree in the exhaust manifold,

4. The wolght and over—ell volume of the heat
exchanger must be low,

5. The heat exchanger must be able to withstand the
thermal ard vibrational stresses to which -1t 1ie
subjocted when installed in the exhaust systenm
of an alrcraft engine. -

Prior to 1942 1t was doubtful that such a heat exchenger
could be manufactured. Therefore, the NACA in coopcration
with the Universilty of Celifornia and several aircraft and
heat—exchanger manufacturers set out to determine whother
or not suitable exhaust—-air heat exchangers could be de—
signed and constructed and, 1f so, whether they would

"stand up under service conditions in flight.

The gonoral investigation was divided into three parts.
The heat—exchanger manufacturers were encouraged to inves—
tigote the design and construction of several types of
exhaust-—-air heat exchangers and to fabricate test units
designed for uso 1n a thermal ice—prevention system, The
second part of the investigation, now being conducted at
the University of California, iIncludes the testing of
exhaust—alr heat exchangers 1n a ground-test stand and a
detailed analysis of the heat—transfer and pressure phe—
nomena encountered thereln. The results of tke completod
portion of this part of the 1lnvestigetion are reported in
references 1 to 13. The third part of the general inves—
tigation, conducted at AAL and roported herein, consiste
of the determination of the performance:characteristics
in flight of several exhaust—air heat exchangers., The



primary purpose of this part of the investigation was to
determine whether or not exhaust—-alr heat exchangers could
be constructed with performance and service characteristics
which would meet the demands of aircraft thermal ice-~preven—
tion systems.

NOTATION

Tho symbols used in this report are defined as follows:

Ag heat—tranefer surface area, square feet
F/A oengine fuel-air ratio
G mags velooclty of fluid, pounds per hour per square foot
& grovitational constant.-feet per hour per hour
AP pressure drop, ipches of water
Q heat output, British thermal unitsper hour
% temperature, degree Fahrenheit
Yol over—all volume, cubic feet
v speclific volume of fluid, cublc feet per pound
v fluid flgw rate, pounds per hour
Wt welght of heat exchangexr, pounds
Subscrints
a .air side
& .8as side
c carburetor
} inle£
outlet




EQUIPHMEET

The heat exchangers tested at AAL have been divided
Into four general groups according to their construetion,
These are as follows:

1, Plute tyye

2. Plate type

3s Tubular type

4, Pin or fin type

Tho details And materials of construction of the heat
exchangars, together with diagrams showlng the air-side
shrouding usad in the flight tests, are givcn in figures
l to 39.

The three fluted hoat exchangers shown 1n figures
l to 9 were parallel-flow, all-primary—-surface, cylindrical
heat exchangers &and consisted essentially of a series of
trapezoidal ducts wrepped around a hollow c¢ylirndrical core,
The air flowed through every other trapezoidal duct end
the exhaust gas flowed through the central core and the
remaining trapezoidal ducts.

Four plate—~type heat exchangers were tested and arg
shown in figures 10 to 21. They were cross—flow, all—
primary—surface heat oxchaengers approximately cubical in
shapes These heat exchangers consisted of a number of
alternating ailr and gas passages separated by thin plates,
The air and gas passages of heat exchangers 35 and 48
were thin rectangular ducts. The separating plates were
flat and the spacing of the passages was mslntalned by
beads and dimplos drewn into the flat plates. In heat
exchangers 11 and 42 the plates wero stamped to & wavy
or corrugeted pattern and were soc assemblad that the gas
passages wers tubes with a more—or—less diamond-ehapsd
cross sectlon. Thoe ailr passages were wavy, thin, rec—
tangular ducts formed by gaps loft between adjacent rows
of the gas passages.

The three tubular heat exchangers tested are shown
in figures 22 to 30, These wore cross—flow, all-primary-—
surface heat exchangers and were cylindrical in shape.




The tubes of heat exchanger 34 were flattened and the
adjecent rows were steaggered. Ailr flowed through the
flattened tubes and the exhaust gases, bounded by the
cylindrical shell, flowed .across the flat—tube Dbuncle.
.Heat exchangers 39 and 40 were round-tube bundles welded
to the heeder plates, The alr flowed across the tubes
and the exhaust gases flowed through the tubee. On both
of these heat exchangers iron abrasion plates, cut to
match the tube pettern, were located at the inlet to ths
gas passages. The purpose of these plates was to protect
the sharp upstream edges of the tubes from the abrasive
action of the high—veloclty gas streanm.

Three pin— or fin~type heat exchangers are shown in
filgures 31 to 39. "These were all cross—flow, extsnied-
surfece, cyllindrlcal heat exchangers. The extenled
surfaces on heat exchanger 4 conslsted or round, hollow
pPlns resistance—welded to both pides of the cylindrical
shell, The exkaust gas flowed through the cylinder and
over the internal pins and the air flowed around the
cylinder and over the external pins as shown 1n figure 33.
On heat exchanger 7 the gas—side externded surfaces weTe
contlouous longitudinal fins running the length of the
heat exchanger and extending radially from the cylindrical
shell 1into the gas stream. The air—seide heabt-transfer
surface conslsted of discontinuous fins which extended
outward from the shell as shown in filgure 34, The air
flowed around the cylinder and over the air fins as shown
in figure 36. Ths extended surfaces of heat exchanger 28
consisted of channel sections the flanges of which had been
serrated and bent to form the pattern shown in figure 37,
The gas—side fins were spot-welded lorgitudinaliy aloxg
the inner surface of the shell and the air-side fine were
wrapped radially.around and spot—-welded to the outer
surface of the shell.

The heat exchangers were tested in flight on a North
American 0-47A airplane. This is a miiwing moncnlane
powered with a Wright-Cyclone, single~row, nins-—-cylinder,
radial, air—cooled engine with a piston dizplacement of
1820 ocubic inches and rated at 835 horsepowsr =t 2100
rpn at 3900 feet. The 0—47A. airplane 1s squipped with a |
eylindrical tail pipe which extends, along the righbt side of
the fuselage; nearly to the wing trailing edge. One of
_"the sections of the tail pipe was removed for the flight
‘tests and was replaced by the heat—exchanger instaellations,
Typical heat—exchanger 1nstallationa are ahown 1n figures
40 and 41,



Diagrams showing the air—side shrouding, used in the
flight tests for each hsat exchanger, are included in
figures 3 tec 39, In nost cases, the shrouding was con-—
gstructed from sheet aluminum although the shrouding for
heat exchenger 34 was constructed from cold-rolled—steel
sheets Gulde venass were installed in the inlet headers to
insure uniform air—flow distribution through the heat
exchangers, and in one case (heat exchanger 42) the outlet
header was also equipped wlith guide vanes, The straight
shrouding,. used in the isothermal tests, consisted meresly
of straight, rectangular, or circular ducts made from
cold~rolled—steel sheet which were free from elbows,
guide vanes, expanslons,and contractions. Typlcal etraight—
shroudiag installations are shown in figure 42, In the
isothermal tests the source of air flow was a centrifugal
fan the maximum capacity of which waeg approximately 2400
cubic feet per minute. ’

PROCEDURE AND MEASUREMENTS

During the fiight tests level flight was maintained at
a pressure altitude of 5000 feet aund the engine speed and
manifold pressure were held constant at 1800 rpm and 25
inches of mercury, respectively. The fuel—alr ratio was
adjusted in each test to obtaln an indlcated exhaust-gas
temperature of 1600° ¥, The gas—flow rate at these
englne conditions was about 3300 pounds per hour. The
air-flow rate was varled in steps by means of a throttle
valve located in the outlet—air duct. Three or four alr-
flow rates were used in each test. At each air-flow rate
sufficlent measurements were made to determine the exhaust—
gas inlet temperature, gas—slde static pressure drop, the
air—flow rate, inlet— and outlet—alr temperatures, and
the air—side static pressure drop.

. The ground tests were divided into two parts. The
first part consisted of pumping air at room temperature
through the air slde of the heat exchanger and shrouding,
a8 ingtalled for flight tests: The gulde vanes in the
Inlét header were adjusted untlil the air~flow distridbution
was practically uniform, Then the rate of air flow, as
measured by a venturi meter and a sharp—edge orifice
meter, was varied, At each value of alr-flow rate the
statlic pressures in the inlet— and outlet-air ducts were
measured. The orifice meter was used to cheek the cali-
bration of the venturl meter. In the second part of the



ground tests the flight shrouding was replaced by the
straight shrouding and the stetic pressures were measured
ahead of and behliand the heat exchanger at several air—-flovw
rates,s

The measurements taken in the preceding tests are
briefly described as follows: '

Air—floy rata.— With one exception the air-flow rates
were determined by means of venturl meters, These meters
were calibrated against a 4—1inch, sharp—edge orifice meter
the callbration of which had been checked by velocity
surveys, During the flight tests on heet exchanger 11,
the air—flow rate was determined by means of a simplified
pitot—tube survey which is described in reference 14,

This method had been checked with a venturi meter and was
found satisfactory.

Inlet—air temperature.— Preliminary tests 1in which the
inlet—air scoop was located aft of the cowl skirt indicated
that some of the warm, low—velocity air emerging from the
cowl skirt was entering the intake scoop. Therefore, in
the tests reported herein, the inlet-—air duct was extended
forward to the front of the cowl so that only air at the
free—stream temperature entered the duct., Two unshielded
iron—constantan thermocouples located in the inlet-air
duct about one foot forward of the heat exchanger con-
siatentlg indigated that the entering air temperature was
within 2° or 3" T of the free—stream temperature.

Outlet—air temperature.— Five unshielded 1iron—
constantan thermocouples, spaced across a diameter of the
outlet—air duct, located from three to five duct diameters
downestream from the heat exchanger outlet were used to
determine the outlet—air temperature. 1In moast of the
tests the outlet—ailr duct was insulated with a quarter—
inch layer of asbestos lagging which extended from the
heat exchanger outlet to a point about ten duct diameters
downstream., When this insulation was used, the temperature
wvas practically constant over the cross section in which
the thermocouples were located. The mean deviation 1in
indicated temperature was less than =3 percant. In
teats on heat exchangers 4, 11, 28, and 29, however, the
outlet—alr duct was not insulated. In these tesats the
temperature distridution in the duct varied and, since the
veloclty distribution in the duct was not known, it was
impossible to obtain a true average temperature, Therefore,
the arlthmetic average temperature was used and the values




of heat output shown for these heat exchangers are more
uncertain than are the values given for the other heat
exchangers.,

Exhaust—gas—flow rate,— The exhhust—gas—flow rate was
determined in flight by two independent methods, In one
method the carburetor air—-flow rate was measured by means
of & venturi meter located Just forward of the carburetor
alr—intake scoop, the fuel—alr ratio was measured wlth a
Cambridge enalyzer, and the gas—flow rate was calculuated
-from the carburetor air—-flow rate and the fuel-air ratio.
-In the other method the exkaust—gas—-flow rate was measured
directly by means of a stainless—steel vernturi meter
located in the exhaust tail pipe. This venturl meter had
been calibrated in the heat—exchanger test stand at the
Universityr of California with an inlet—gas temperature of
1600° F., The gas—flow rates determined by these two methods
are compared in the following tabdle:

Determination of Exhaust—Gas—Flow Rate

Tngine, Tpm 1800 | 1800 | 1900 | 2000
Haniféld p;ess;re, in. Hg. 22.4 ) 25 —_.;g__"—_;;—
F;c * W F/&, 1bv/hr 2730 | 3270 | ——— | 4400
Vonturi meter, 1b/hr 2940 3550 3560 | 4350

Pressure altitude: 5000 ft.o
Inlet—gas temperature: 1600~ F
carburetor alr—flow rate

V.:
F7A: fuel-air ratio

From this table it ie seen that, under the englne conditions
at which the flight tests were made (1800 rpm and 25 in.
H,P.), the exhaust-gas—flow rate was approximately 3300
pounds per hour. It 1s estimated that this value of gas—flow
rate is accurate withian *5 percent.

Exhaust—gas temperature.— The inlet—gas temperatures
€lven horein are not average entering-gas temperatures
but are temperaturee measured at the center of the tail
pipo about 1 foot ahead of the heat exchangers and were
used as reference temperatures. During the flight tests




of most of the heat exchangers, a quadruple—shielded
thermocouple of the type shown in figure 43 was used.

. The indicated temperature was not corrected for radia-—
- tlon. error' which, according to reference 16, was probably
less ‘than 2 percent. During the flight teste of heat
exchangers 4, 11, 12, 28, and 29, the gas—temperature
measurements were completely unsatisfactory dbut, since
these tests were performed under the same conditions as
woere the tests of the other heat exchangers, it was
assumsed that the entering—gas temperatures were also
_the same.

Presgure drop.— Wall orifices and static tubes were
used in conjJunction with water manometers and airspeed
meters to 1ndicate tLhe differences between static pressures
ahead of and behind the heat exchangers. During the flight
tests and also the isothermal tests with flight shrouding,
the - air—slde differential preseures were measured between
taps located apnroximately 1 foot upstream and six duct
diameters downstream from the heat exchangers; the gas—
Blde pressure taps were located about 1 foot upstream
and slx tail-pipe diameters downstream. During the 1so—
thermal tests with stralght shroudling, the upstream pres-—
sure taps were located from 6 to 12 inches ahead of the
heat exchanger, and the downstream taps were located
sufficiently far aft of the heat exchanger to be 1in a
region of stable flow. The air—side pressure drop meas-—
ured in tests on heat exchanger 4 has been corrected for
the difference between the lnlet— and outlet—duct areas.

In all other tests, the upstream and downstream pressure
taps were located in round ducts of the same diameter.

The nonisothermal air-—side friction pressure drop* for

heat exchangers 10, 11, 12, 29, 34, 35, 42, and 48 was
obtained by subtracting from the measured static pressure
drop the value of the term @%(v_—v,)/5.2g (reference 16),

which is the drop in atatic pressure due to the expansion
of the air as 1t becomes hesated. Values of nonisothermal
alr—gide friction pressure drop are not given for the

other heat exchangers because of the uncertainty- involved -
in determining their air-—-side free area, . |

*Throughout this renort the term "friction pressure drop"
includes all of the skin-friction and mechanical expansion
and contraction pressure losses occurring between the
stations at which the measurements were made.
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RESULTS AKXD DISCUSSION

The test data for each heat exchanger are glven in
the form of performance charts in figures 45 to 56. These
charts ineclude curves which show the variation of heat
outout and ailr—side pressure drop with air—flow rate and
the varistion of gas—szide pressure drop with gas—flow rate.
The values cf heat output were calculated from the air-
flow rete, temperature rise, and mean specific keat. The
nonisothermal eair-side static pressure drop measured in
flight is given fcr esach heat exchanger. The nonisother—
mal eir—-slde friction pressure drop, which la the differ-—
ence between the measured alr—-side statlic pressure drop
and the changs in static pressure due to the expansion
of the air, is given for heat exchangers 10, 11, 12, 29,
34, 35, 42, aand 48. The nonisothermal gas side preseure
drop given in the charts 1s the static pressure drop
measured 1n the flight tests. These values were not
corrocted for the change in static pressure due to the
change 1a the specific volume of the gas because averagse
gas temperetures were not measured. This correction is
relatively unimnortant, however, bécause on the gas side
it 1s small in comparison to the friction pressure drop.
All of the 1sothermal pressure—drop datea consist of
differences between statlec pressures measured ahgad of
and behind the heat exchangers. Since there is no
change in specific volume in isothermal flow, the
static pressure drop and friction pressure drop are
identical. The 1sothermal air—side pressure drop with
£flight shrouding includes the duct loeses between the
pregsure taps, but that with straight shrouding consisgts
of only tue heat exchanger loases because the pressure
losses 1In the stralght ducts were negligible.

The anount of heat required per heat exchanger by an
alrcroft thermal ice—preventlon system depends upon meny
factors, principal among which are the slze of the airplane,
the numnber of engines on the alrplane, the number of heat
oxchangore por engline, the alrspeed and altitude for which
tho system is dosigned, and the rumber of purposes (such
as wing protection, tail-surface protection, windshield
protoection, cabin heating, ete.) for which the systom is
dosiznod.. Thorofore, a specific rate of heoat output can-—
not be set as a critorion for a satisfactory hoat sxchanger,
Howovor, the ' rate of heat output per heat exchangor requirod
by tho thormal ice—preventlon systems of the B—~17F and
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XB-24D alrplanecs (referepces 17 and 18)'is approximately
200,000 Btu per hour under the folloving conditions:

Pressure altitude, 18,000 feet _

indicated airEpaed. approximately 155 miles per hour
Air;flow rate, ;boﬁt 3060-pounds per hour

Gas—flow rate, approximataly 4000 pourds per hour
Inlet—gas temperature, about 1600° F

Under these conditions the allowable air—side flow resist—
ance of the Leat—excharger installation 1ls approximately

6 inches of water. Previous experience has indicated that
the flow resistance of the heat—exchanger installation
should not exceeéd one-half of the dynamlic pressure, which
1s about 12 inches of water At an indicated airspeed of
155 miles per hour,

The teetes reported herein were made at a pressure
altitude of 5000 feet:; dbut, holding the other factors
conetant, the rate of heat transfer does not change
appreciably with altitude, and the friction pressure drop
at 18,0C0 feet is approximately twice that at 5000 feet,
Therefore, in order to satisfy the preceding .requirements
at 18,000 feet, & heat exchanger when operating at 5000
feet, and 'at the same conditions of air— and gas~flow rate
and gas temperature, should deliver approximately 200,000
Btu per hour with an air—-side flow reasistance of not more
than 3 inches of water.

An examination of table I will show that only heat
exchangers 35 and 48 funlly satlsfy the preceding require-
ments, Under the test conditions given therein these heat
exchangers had heat outputs of 190,000 and 295,000 Btu per
hour, resvectively, and the nonigothermal air—friction
pressure drops at 5000 feet were 2.5 and 2,8 inches of
water, respectively. Although 1t 1e significant that both
of these heat exchangers were of the flat—plate type, it
should not be concluded that the other types are unsatis—
factory. Host of the heat exchangers tested would satisfy
the thermal requirements, and perhaps the preceding crite—
rion for preesure drop 18 too conservative. It is known
that three heat exchangers, practically the same as heat
exchanger 7, were used to supply heated alr faor the thermal
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ice~prevention system of the B-17F airplane which has been
successfully operated in icing conditions. In table I it

is shown that all of the heat exchangers tested in this
investigntlon, with the exceptions of heat exchangers 4,

10, 28, and 39, had heat—transfer characteristics which
equaléd’ .or. surpassed those of heat exchanger 7. It is

also shown in table I that only heat exchangers 34 and 42

had excessive lsothermal pressure losses with straight
shrouding. Therefore, 1%t is probable that heat exchangers

11, 12, 29, and 40, with properly desligned air—side shrouding,
wvould also have satisfagtory air—slde pressure—drop charac-
teristics,

A definite criterion for the 2llowadle increment of
engine back pressure, added by an exhaust—air heat ex—
changer, has not been establlished. However, an increment
of 2 inches of mercury, under cruising condltions at 18,000
feet, 18 not consldered excessive. Therefore, an exhaust—.
gas pressure drop of about 1 inch of mercury, at 5000 feet
and a gas—flow rate of 4000 pounds per hour, is probadly
satisfoactory. (The exhaust—gas~flow rate from one of the
engines on the B-~17F alrplane, or the XB-24D airplane, at
cruising power is approx. 4000 1b/hr.) The data in figures
44 to 66 show that the gas—side pressure drop of most of
the heat exchangers, at 5000 feet and a gas—flow rate of
4000 pounds per hour, was less than 1 inch of mercury.

It is concluded, therefore, that the gas—side pressure-—
drop characteristice of moat of the heat exchangers were
satisfactory. It should be noted, however, that the
increment of engine back pressure, due to a heat exchanger,
under take—off and other high-power conditions will be
from four to six times greater than at cruising conditioms.

In general tho welght and over-all volume of the heat
exchangers tested in this linvestigation are considered
satisfactory. These factors are not criticael in the present
stage of heat-exchanger development, and 1t 1s prodbadble
that 2s heat exchangers come into general use, smaller and
lighter units will be developed without sacrificing heat
output or serviceabdllity.

The tests reported herein were completed in from 7 to
20 hours of flight per heat exchanger and were, therefore,
of insufficlent duration to Justify conclusions regarding
theo sorvice life of the heat exchangers, Heat exchanger
48 had dbuckled severely 1in less than 10 hours of teeting;
but this heat exchanger was made from cold-rolled-steel -
platess An Inceonel-plate heat exchanger stamped with the
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same dles has been tested for 18 hours without any signse '
of fallure. The other plate—~type heant exchangers were
slightly distorted after testing bdbut no indications of
fallure could be detetted. Several heat—exchanger manu-
facturers have submitted the avallable service history of
their units. A fluted heat exchanger exactly like heat
exchanger 29 has bean in continuous operation on a Pan-—
American Airways DC-3 airplane for more than 750 flying
hours, 4 tubular heat exchanger exactly like heat ex—
changer 39 has beon undergoing tests on an XB-24D ailr-
plans for more than 500 hours, About 1000 fluted heat
exchangers similer to heat exchanger 10 have been 1in
operation on PBY-6 alirplanes for approximately 500 hours,
and in that tims only one fallure, a crack in a welded
Joint holding the hent exchenger to the tail pipe, has
been observed. A plate—-type heat exchanger similar to
heat exchonger 35 has been tested on an 0—47B airplane
for more than 256 hours without fallure. Several semi-—
clrcular flat—plate heat exchangers used for flame—
damping resecarch in a B—-17F airplane have withstood 200
hours of testing without faillure.

In view of the preceding facts of performance and
eorviceo, there can be no doubt that exhaust—ges-to-—-air
heat oxchangers can be made to meet the requiremonts of
the thormal 1ce—preventlon systems of alrcraft such as
the B—17 and B—24 airplanes.

It wos previously noted that a B-17F alrplane
equlpped with heat exchangoers 1dentical wlth heat ex~—
changor 7 was flown successfully 1in icing conditions at
Hinneapolls during the winter of 1942, Other aircraft in
which the thermal ice—preventlion system included oxhaust—
air heat exchangers which were successfully operated ..
in icing conditions include the XB8—24D, XC—-53A, and Lock-—
hoed 12A airplanes.

Because the heat exchangers tested in this investi-—
gation were so varied in shape and size and because of
the high pressure losses involved in the alr—gide flight
shrouding, any comparison of the performance characterlstlcs
has very little value. HNevertheless, an attempt at such
a comparison has been made and is presented in table I,
In this table the important physical and thermal sharac-—
toristics are compared on the basis of constant gns—flow
rate, air—flow rate, and inlet—gas temporature. The
ratios of heat output to the weight, over-all volume,
surface area, and isothermal pressure drop were calculated
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in an attempt to determine which type of heat exchanger
had the best over—all characteristics. The isothermal
friction pressure drop with straight shrouding was used in
this comparison because the nonisothermal frictlion pressure
drop included the shrouding losses. The data in table I
indicate that the flat—~plate heat exchangers had the best
alr—-silde pressure~drop characteristics and that the fluted
heat exchangers, 1ln which there is & hollow central core,
had the best gas—side pressure—drop characteristics. At
least one heat excianger of each type tested, exacept the
pin or fin type, delivered 7500 or more Btu per hour per
pound of weight under the test conditions given 1in table I,
This table also shows that the plate—type heat exchangers
had slightly highor ratios of heat output per unit volume
than the fluted, finned, &end round-tube heat exchangers,
and that the flat—tube heat exchanger was outstanding in
this respect. It 18 further shown in tadble I that from
the viewpoint of heat output per unit of surface area no
particular type was outstanding. Thus the limited data
contained in this report indicate that among the heat
exchangers tested no one particular type wes distinctly
superior in all respects to the other types.

CONCLUSIONS

l, The data 1ncluded in this report clearly indicate
that exhaust—ailr heat exchangers can be desligned and
constructéd with performance charactsristics which satis—
factorily meet the requirements of the thermal ice—preven—
tion systems of aircraft such as the B—-17 and B—24 airplanes,

2, Among the exhaust—air heat exchangers tested in
this investigation no one particular typs was distinctly
superlor to the others in all respects.

3. Further research is required to determine the
best manner of reducing ths nonuseful shrouding pressure
losses in exhaust~air heat—exchanger installations,

Ames Aeromauticnl Laboratory,
Fational Advisory Commlttce for Asronautlcs,
Moffott Field, Calif.
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T4BLE 1,= COMPARISON OF HBAT-EXCHANGER PERFORMANCE

Heat exchanger 10 12 29 11 42 35 48 34 39 40 4 T 28
Figure muwber 2 5 8 17 20 11 14 28 28 28 32 35 8%
Eire- |Alre- Ttewart- Hanlon [Stewart|Honlon
Msnufaoturer Seolar search |search Trane Trane Briggs AL AAL Warner MoQuey |Wilson |Warmer |Wilson

Type flute® | rlute® | flute® ;‘I\‘n’:e ;:::e ;:::e pla:e ::: ::‘b:d ::::J pin fin fin
Wy gas=flow rate, Io/hr « - - - - = | 3300 3300 5300 3300 3300 3300 3300 5300 3300 3300 3300 3300 5300
tgy, inlet-gas temperature, °F - - - | 1600 1800 1600 1600 1600 1800 1600 1600 1600 1600 1600 1600 1600
ldrg (1), 1Mo Hy0 = == = o= o === | 2.1 2.6 1.7 .- 3.8 - 6.5 - 5.8 | 1048 1.6 | 34 -
faPg (I1), 10 BP weececaan| 03 0.5 | 0. 17| 08 | cme | e | =l 12§ = | 03 | 0B | 0.8
W,, 2ir-flow rate, Ib/hr « = = « - =} 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000
ty,, inlet-air temperature, OF - - - 60 40 56 85 60 50 65 50 45 50 85 50 80
Q% 20", neat output, Btu/hr - - - - 125 230 180 250 190 190 206 215 150 180 40 186 ]
4P, (1), 1. Bp0 e = = == v c = = = 8 14 5 5 9.6 2.6 2.8 13 .- .- - - -~
I‘Apa (11), 1 B0 === m == w o= |  mwm 7.3 .- 2 .7 1.2 1.5 T 1.8 2.8 —— 4.7 —
$AP, (I1I), e B0 = = = = == = = = | 1,2 1.6 1.2 1.6 4 0.4 0.5 3.1 .- 0.8 0.8 -- 1.0
AP, (II)APy (III) = = = e = = = = = e 4.6 - 1.2 1.2 8.0 5 2.3 —~ 3.5 -—- -— e
Wt, weight of exchanger, 1b « - - =] 19.5 58 22,5 52 30 3R 45 50 30 22 13 3 24.6
Vol, cver-2ll volume, ou £t « = = = 0.5 0.96 0.7 0.52 0.36 0.65 0.78 0,87 0.46 0486 0ud 0.65 0446
Ag, Surfece ores, s ft ==« « = = 6.4 16.6 12,5 19 12 13.8 29 17 9.3 9.9 4 | 12.8 10
Q/20" A, Btu/(hr)(1b) « = - - - - 8.4 8.0 8 7.8 6.3 5.9 6.5 10.5 3 8.2 3.1 4.7 2.2
Q/10"%/v6l, Btu/(hr)(ou ft) - - - - 250 240 25 480 643 346 378 670 328 328 100 285 122
Q/10"%/4,, Btu/(hr)(aq f£t) - - - -] 19.5 13.9 14,4 13,1 16.8 13,8 10 18.5 16.1 18.2 9.8 1446 5.8
Q/107/ P, (I11), Btu/(br)(in.Hup) = 104 144 150 156 48 480 985 102 ——- 226 50 - 8

*apg (1)
2ap, (11)
e, (1)
%R, (11)
Sap, (111)

non~isothermel gas statie pressure drop at 5000 feet altitude.
isothermal gas pressure drop with straight shrouding at sea level.
non-isothermal air fristion pressure drop at 5000 feet altitude.
isothermal air pressure drop with flight shrouding at sea level.

isothermal air pressure drop with straight shrouding at sea level.

€ Parallel-flow hest exchengers.

A1l others were cross=flow.
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Figure 5.~ Heat exchanger 12
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Figure 8.- Heat exchanger 29,
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NACA Fig. 11

Figure 11.-~ Heat exchanger 35.
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Figure 38.- Heat exchanger 28.
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Figure 43.- Quadruple-shielded thermocouple
used to measure exhaust-gas temperature.
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(1 block =10/30%) Figure 55— Performance data,heat exchanger 7.
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